Effects of vesicular-arbuscular mycorrhizal (VAM) infection and P on root respiration and dry matter allocation were studied in Plantago major L. ssp. pleiosperma (Pilger). By applying P, the relative growth rate of non-VAM controls and plants colonized by Glomus fasciculatum (Thaxt. sensu Gerdemann) Gerdemann and Trappe was increased to a similar extent (55-67%). However, leaf area ratio was increased more and net assimilation rate per unit leaf area was increased less by VAM infection than by P addition. The lower net assimilation rate could be related to a 20 to 30% higher root respiration rate per unit leaf area of VAM plants. Root respiration per unit dry matter and specific net uptake rates of N and P were increased more by VAM infection than by P addition. Neither the contribution of the altemative respiratory path nor the relative growth rate could account for the differences in root respiration rate between VAM and non-VAM plants. It was estimated that increased fungal respiration (87%) and ion uptake rate (13%) contributed to the higher respiratory activity of VAM roots of P. major. photosynthesis or respiration, such as light intensity (3), P status (15), ontogeny of the host plant (24), and/or the presence of other symbionts (2, 4).
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To sort out confounding nutritional and ontogenetic effects of VAM infection, both split-root systems (11, 16) and Pfertilized controls with equal dry weight (2, 14, 21, 27 ) have been used. In the latter method, VAM-infection increased root respiration rates in Plantago major ssp. pleiosperma plants above those of P-fertilized controls (1) . However, VAM plants may have a higher RGR than equal sized non-VAM controls because of the shift in C balance during the development of the symbiosis (14) . Therefore, the possibility exists that higher instantaneous RGRs result in greater rates of root respiration of VAM plants. This could also apply to shortterm 14C02 labeling studies where only one harvest date was used to compare VAM and nonVAM treatments (11, 16, 18, 22, 27) . Hence, the objective of the present study was to analyze the effect of VAM infection on root respiration and dry matter allocation in VAM and non-VAM P. major plants having equal RGR.
Under conditions of low P availability, the increased P uptake and concomitant growth enhancement ofhigher plants due to VAM3 infection have been well established (8) . One of the causes for the increased RGR of VAM plants may be ascribed to enhanced photosynthetic rates per unit leaf area (5) , since photosynthesis is dependent on P supply under Plimited conditions (10, 12, 25) . Both P addition and VAM infection may also increase the shoot to root ratio and the LAR (1, 14, 27) , which may contribute to an increase in photosynthesis on a whole plant basis and hence to growth.
Translocation of fixed C to VAM root systems has been found to be 4 to 17% higher in leek (27), soybean (14) , faba beans (22) , Carrizo citrange and sour orange (11, 16) than in non-VAM plants. In leek, this increased translocation was associated with both increased root respiration and loss of organic matter (e.g., mycelium) in the soil (27). This increased 'below-ground' C sink may offset any increase in whole plant photosynthesis, so that the RGR may not be affected, or may even be decreased in VAM plants (2, 7, 17) . This C balance will be determined by a combination offactors affecting either ' At harvest, soil was washed from the roots, and fresh weight of shoot and roots was determined. Leaf area was measured with a leafarea meter (Hayashi Denkoh, Tokyo, Japan). Root respiration of whole or half root systems was determined polarographically (1) in a 20°C air-saturated nutrient solution, which was 1/16 of the concentration that was used during the experiment. Assessment of the alternative path to total respiration was measured subsequently in a nutrient solution (without Fe) containing 25 mM salicylhydroxamic acid. This concentration has been found to completely inhibit the alternative respiratory pathway in P. major without having any effects on the cytochrome pathway (9) .
Percentages of VAM infection were assessed by a gridlineintersect method after staining root samples with chlorazol black E (6). Entire shoots and roots of individual plants were dried at 70°C (48 h) and subsequently digested in a sulfuric acid-salicylic acid solution. Concentrations oftotal P and total N were measured spectrophotometrically by the molybdenum-blue and indophenol-blue methods, respectively. plant. Instantaneous specific net P uptake rate values were calculated similarly.
Statistical Analyses
Differences in RGR between two treatments were analyzed by two-way ANOVA with time of harvest and P treatment or VAM-treatment as independent variables, and ln-transformed dry weight data as dependent variable. Significant time x treatment interactions denote differences in RGR (23) . All other data were analyzed by three-way ANOVA. Tukey's HSD test was used for comparison of cell means.
RESULTS
During the experimental period, VAM infection levels + SE for the M -P and M + P treatments were not significantly different and were 78 ± 3 and 72 ± 3, respectively.
Exponential growth was constant during the experimental period ( The mean RGR of each treatment during the harvesting period (40-57 d after planting) was calculated from the slope of the least squares regression analysis of the ln-transformed dry weight data against time.
The RGR (mg g-' (plant) d-') may be partitioned into the net assimilation rate (g m-2 (leaves) d-') and the leaf area ratio (m2 (leaves) kg-' (plant)) as follows: RGR = NAR x LAR. 
The NAR of each individual plant was calculated from the mean RGR per treatment and the LAR of each individual plant. The NAR is the balance of total gross photosynthesis and respiration in the entire plant: NAR = total gross photosynthesis -(shoot + root respiration). (2) Previous data on shoot respiration obtained with P. major ssp. major plants grown under the same environmental conditions (24) were used to estimate the total gross photosynthesis.
Total net N uptake was determined by multiplying total N concentrations with dry weights of individual plants. The instantaneous specific net N uptake rate value (,umol I -P and M + P treatments did not differ significantly but were higher than in the NM -P treatment. The LAR was increased both by P and by VAM infection during the experiment (Fig. iB) ; the average increase by 23% in the NM + P treatment however was lower than the 49% increase in both the M -P and M + P treatments (Table I) .
On average, the NAR was increased by 24% in the NM + P treatment and by 1% and 4% in the M -P and M + P treatments, respectively (Table I ). This smaller increase in NAR in the M treatments compared to the NM + P treatment was associated with a 20 to 30% higher root respiration rate per unit leaf area in these treatments ( Fig. IC; Table I ).
Compared to the NM -P treatment, estimated total gross photosynthetic rates per unit leaf area were increased by 11 %, 10%, and 3% in the NM + P, M -P, and M + P treatments, respectively (Table I) .
Root respiration rates per unit root dry weight were on the average 76 to 79% greater in the M treatments compared to the NM + P treatment (Fig. 2A) ; P addition increased root respiration in the NM treatment by 38%. The contribution of the alternative respiratory path to total respiration was hardly affected by phosphate addition and mycorrhizal infection (Fig. 2B) . Therefore, when root respiratory energy production was calculated from the data of the contribution of the alternative respiratory path and total root respiration per unit dry weight (cef 28), marked treatment differences remained (Table II) .
Concentrations of total P and total N were more increased due to VAM infection than by P-addition (Table III) . Slopes for the net uptake rate of N (Fig. 3A) were derived from the ln-transformed data of net N uptake as 0.042, 0.060, 0.076, and 0.068 ,umol ,umol-' d-' for the NM -P, NM + P, M -P and M + P treatments, respectively. For the net uptake rate of P (Fig. 3B ) these values were 0.019, 0.048, 0.065, and 0.066 imol ,umol-' d-', respectively. From these values, specific net uptake rates (ymol g-' (roots) d-') for N and P were calculated (Table III) . The specific net N uptake rate was increased in the NM + P and both the M treatments. However, as with the root respiration rate, the increase in specific net N uptake rate was more pronounced in the M treatments (296 and 31 1% increase compared to the NM -P treatment) than in the NM + P treatment (196% increase). The effect on the specific net P uptake rate was even more pronounced: increases of 941 and 1108% in the M -P and M + P treatments and a 458% increase in the NM + P treatment.
DISCUSSION

Analysis of Growth
VAM and non-VAM treatments with equal RGRs were produced by applying P (Table I ). Compared to the NM -P treatment, the RGR was increased both by P addition and VAM infection. To clarify the cause ofincreased growth rates, the RGR was separated into LAR and NAR. VAM infection increased the LAR, which agrees with results obtained with leek (27) and soybean (14) . Because the 61 to 67% increase in RGR was accompanied by a 49 to 53% increase in LAR, these results show that the increase in RGR by VAM infection was mainly associated with an increase in morphology rather than an increase in the NAR.
Although the RGRs of the M -P, M + P and NM + P treatments were not significantly different, the VAM treatments showed a higher LAR and a lower NAR compared to the NM + P treatment. These differences in NAR may be a result of differences in rate of photosynthesis and/or in rate of respiration (cef Eq. 2). By transforming the determined root respiration rate (Fig. lC) in similar units as the NAR (Table  I) , it was shown that, compared to the NM + P treatment, increased root respiration ofVAM plants could partly account for the lower NAR of VAM treatments. The root respiration of the VAM treatments may even have been underestimated, because part of the external mycelium (which would also contribute to respiration in the VAM treatments) was presumably lost when soil was washed from the roots. The increased below-ground respiration upon VAM infection agrees with results obtained on faba bean (22) and leek (27) in '4C02 labeling experiments. b Estimated from data obtained with Plantago major ssp. major (24) . C Estimated using Equation 2: total gross photosynthesis = NAR + (shoot + root respiration). Total gross photosynthetic rates per unit leaf area were estimated (Table I ) from the root respiration data and previous data on shoot respiration of P. major ssp. major (24) . The estimated photosynthetic rate per unit leaf area was not increased to a greater extent in the VAM treatments than in the NM + P treatment. Hence, considering the higher P concentrations in the shoot of the M -P and M + P treatments (Table III) , photosynthesis in these treatments was not likely to have been limited by P supply. Perhaps the low photon flux density in the present experiment may explain this result, because increased photosynthesis per unit leaf area upon VAM infection has been found (5, 14, 16), although not consistently so (13, 27) .
In summary, VAM plants used more daily produced photosynthates for respiration than the NM + P plants. However, dry matter production was not affected by this 'loss' of photosynthates, since no difference in RGR occurred. The latter may be explained by higher photosynthesis (on a whole plant basis) of VAM plants, resulting from a greater leaf area per unit plant weight rather than from higher photosynthesis per unit leaf area (Table I) .
Analysis of Root Respiration
The increased root respiration rate per unit root dry matter of VAM-infected plants ( Fig. 2A ; Table II ) agrees with previous results on P. major ssp. pleiosperma (1) . Differences in energy production by root respiration may be obscured by differences in the contribution of the alternative respiratory path, a non-phosphorylating mitochondrial electron transport pathway (20) . This alternative pathway in roots of higher plants may be of significance in removing an excess of carbohydrates, according to the 'energy overflow model' (19) . However, only slight differences in the contribution of the alternative path were apparent (Fig. 2B) , so that respiratory energy production was significantly different in the VAM and non-VAM treatments (Table II) .
The rate of ATP consumption in non-VAM roots depends on three major energy-requiring processes, i.e. root growth, ion uptake, and the maintenance of root biomass (28, 29). The overall equation can be described as (29): where rATp is the rate of ATP production in root respiration (Table II) (Table II) , it is assumed that the component of root respiration costs for root growth is equal for VAM and non-VAM roots. It is also assumed that the energy required for the maintenance of electrochemical gradients across membranes and for turnover of cellular constituents (mATp) is approximately equal for VAM and non-VAM roots. However, marked differences in specific uptake rates of N and P were found for VAM and non-VAM plants ( Fig. 3 ; Table III ). An increased specific net P uptake rate due to VAM infection is normally found (e.g. 26) and can be ascribed to the increased uptake capacity due to external mycelium. Increased 
